Described here is a simple, rapid technique for isolatiag RNA from archived formalin-fd, paraffin-embedded tissues (PE%). Using this modified acid guadclinium thiocyanate method, RNA d i c i e n t as a template for the reverse transcription-polymerase chain reaction (Rf-FCR) can be is0lated in 2 hr from a single 20-pm-thick section of tissue.
Introduction
The molecular analysis of paraffin-embedded, tissues (PETS) has many applications in both investigative studies and clinical practice (8, 9) . In vitro amplification with the polymerase chain reaction (PCR) promises to be the most useful means of retrospective analysis because it can be successfully performed using nucleic acids that have partially degraded after tissue devitalization, fixation, and paraffin embedding.
Methods to extract nucleic acids from fresh tissues and cells have been successfully modified for use with PETS (lOJ4). Viral and endogenous human RNA have been isolated from archived human tissues using lengthy modifications of a standard DNA extraction protocol or the acid guanidinium thiocyanate method (1,2,5,16,17) . This report describes a simple, rapid method of isolation of RNA from single sections of PET using RNAzol B, an inexpensive, commercially arailable reagent. The isolated RNA was used as a substrate for the reverse transcription (RT)-PCR to ampllfy portions of ER cDNA from human breast cancers for sequence analysis. The isolation can be performed in 2 hr, making it feasible to reverse uanscribe and amplrfv cDNA in a single day, a time frame appropriate to both the diagnostic and the research laboratory.
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Materials and Methods
Archival Specimens. Seven formahfixed, paraffii-embedded human breast cancers were studied. These tumors had been assayed in the freshfrozen state by the dextran-coated charcoal method and contained elevated levels, >IO fmol/mg, of estrogen receptor (ER) protein. The tissues had been fmed in buffered 10% formalin and processed in a routine manner as surgical pathology specimens. Hematoxylin and eosin-stained histologic sections were reviewed and paraffii blocks consisting predominantly of carcinoma were selected. The blocks had been stored at room temperature (RT) under the usual conditions for 1-3 years.
Tissue Deporaf'ization and RNA Isolation. A single 20-pm-thick section was cut with a microtome from each p d i block and placed in a 1.5-ml microcentrifuge tube. The section was deparaffiinized at RT with two 15-min changes of Histodear (National Diagnostics; Manville, NJ), 400 p1 each, and one 10-min change of 100% alcohol. The alcohol was aspirated and the tissue pellet suspended and vortex-mixed in 300 pl of RNAzol B (Biotcat Laboratories; Houston, TX), which contains guanidinium thiocyanate, phenol, and an unspecified lysis agent. After a 5-min incubation on ice, RNA was extracted by the addition of 30 p1(1:10 volume) of chloroform. The tube was vortexed for 15 sec to mix and then placed on ice for 25 min. The phaxs were separated by a 15-min cenuifugation at maximal speed in a table-top microcenuifuge at 4'C. The aqueous phax was transferred to a fresh tube, an equal volume of isopropanol was added, and the mixture incubated on ice for 210 min to precipitate RNA. After another 15-min centrifugation at m h a l speed in a table-top microcentrifuge at 4'C, the supernatant was carefully aspirated and discarded a pellet was not visible. Two hundred p1 of75% ethanol was added to the tube, which was then vortexcd and rccenuifugcd at 4'C for 5 min. The contents ofthe tube were dried briefly (5-10 min) under vacuum without centrifugation.
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The RNA should not dry completely before re-suspension in 50 pl diethylpyrocarbonate-treated water.
Production of cDNA. Rcverse transcription was performed using the Promega (Madison, WI) RTsystem according to the manufacturer's instructions. First-strand cDNA synthesis was primed with random hexamers in a 20-4 reaction containing 5 pI of the isolated total RNA solution, 5 mM MgCI2, 1 mM each of dATP. dCTP, dGTP, and d'ITP, 1 UIp1 RNAsin, and 60 U avian myeloblastosis virus (AMV) reverse transcriptase. The reaction was incubated at RT for 10 min and then at 42'C for 60 min. The reverse transcriptase was inactivated at 99°C for 5 min and the solution cooled on ice for 5 min. The entire 20-pl reaction was then used for double-stranded amplification.
Production of Double-stranded DNA. To ensure that the product of double-stranded amplification corresponded to mRNA, each amplification primer pair was designed to span a long intron beyond the limits of amplification possible with the PCR. Using this strategy, only cDNA comesponding to spliced mRNA, and not contaminating genomic DNA, can be successfully amplified (12) . The ER gene is composed of eight exons, each separated by introns 216 KB. Fifty pmol of oligonucleotide primers corresponding to ER cDNA positions 647-667 of exon 1 (5' CCT ACTA-CCTCGAGAACGAG 3') and 777-797 of exon 2 (5' GAATACTTTCTT-GAAGAAG 3') (3.11) were added to the 2 0 4 cDNA solution which was expanded to a 100-pl reaction with buffer. 200 pM of each dNTP, 2.5 U Taq I DNA polymerase and MgC12 to a final concentration of 1.5 mM according to the Promega PCR protocol. Each of 40 amplification cycles consisted of denaturation at 94°C for 1 min, primer annealing at 57'C for 2 min. and extension at 72'C for 1 min. cDNA was similarly amplified in a separate reaction with 50 pmol of primer corresponding to ER cDNA positions 789-812 of exon 2 (5' C A G T C T G C A A 3') and 972-992 of exon 3 (5' CACCTITCATCA'ITCCCACT 3') (3,ll) . This amplification reaction required 50 cycles using the same temperatures and times; an additional 2.5 U of Taq I DNA polymerase was added after 40 cycles. The specificity of these primer pairs had been previously confirmed by dideoxynucleotide sequencing of amplified cDNA derived from total RNA isolated from a fresh-frozen breast cancer known to express ER protein. Negative control amplification reactions lacking cDNA were run concurrently.
Procedures to Prevent Carryover. To prevent the inadvertent addition of previously amplified DNA to fresh samples, preparation of the RT and amplification reactions were performed in a room used only for this purpose, physically separate from the site of the thermal cycler and gel electrophoresis. The reactions were prepared with dedicated pre-amplification pipetting devices and reagents. Disposable glovcs and plastic ware were used and buffers autoclaved. The microtome used to cut sections was cleaned with xylene between blocks and a fresh disposable blade was used for each specimen (6.8).
Results and Discussion
Amplification of cDNA using primers complementary to sequences in exons 1 and 2 of the ER gene yielded the predicted 150 BP product corresponding to spliced mRNA (Figure 1) . Similarly. amplification with primers complementary to sequences in exons 2 and 3 produced the expected 204 BP product (Figure 1 ).
Tissues processed for pathological analysis are subjected to hydration, fixation, and paraffin embedding in conditions that are not RNAse-free. Although RNA is extensively degraded during histological processing, small intact fragments survive that can function as templates for RT-PCR; this technique has been used to detect (1, 4, 5, 13, 16, 17) .
RNA viruses and to examine oncogene expression in PETS
Modified DNA extraction protocols or the acid quanidinium thiocyanate technique customarily used to extract RNA from fresh tissues have been used to isolate RNA from PETS. Most of these methods are cumbersome and lengthy, a distinct disadvantage in both the research setting and the diagnostic laboratory, where rapid results are essential (1,2,4,5,13,16.17) .
The method described here is rapid, simple, and inexpensive. In all the cases evaluated, sufficient RNA for RT-PCR was isolated from a single 20-vm section of PET in 2 hr, including the deparaffinization step. Guanidinium thiocyanate efficiently denatures RNAses and other proteins and is the agent most commonly used to extract RNA from fresh tissues or cell cultures (7) . Using RNAzol B, a premixed solution of this substance and phenol, limits exposure of lab personnel to these toxins. Furthermore, RNA isolation can be performed in 1.5-ml microcentrifuge tubes, making it feasible to efficiently handle many samples simultaneously. The number of tube transfers has been minimized, reducing the opportunities for contamination among samples.
Tissues fixed in substances other than buffered 10% formalin were not evaluated in this study. Since formalin is the most commonly used fixative in United States laboratories, this technique of RNA isolation should be widely applicable for retrospective studies. The isolated RNA was not quantitated because a spectroscopic reading includes degraded as well as intact nucleic acids and is not necessarily relevant to the ability to reverse-transcribe and ampllfy RNA from PETS.
The tissue blocks used in this study were routinely processed surgical pathology specimens that had been stored under ordinary conditions for up to 3 years. RNA isolation was successful in all seven cases that had been randomly selected from a group of patients with ER protein-positive breast cancer. Most other studies of RNA isolated from PETS do not speclfy the age of the tissues. In vitro amplification of DNA isolated from PES has been successful with tissue blocks as old as 40 years (15) . Assuming that paraffin blocks are stored in a reasonably controlled environment, it seems likely that little further nucleic acid degradation occurs because formalin fixation and embedding also inactivate tissue nucleases. Further study is required to determine whether the age of the tissue block has a bearing on the ability to isolate RNA using the method described here.
Investigators using archived PETS have no control over several factors that have a direct bearing on the integrity of nucleic acids and may account for sporadic failure of in vitro amplification in this setting. These include the time interval between tissue resection and fixation and the duration and quality of formalin fixation, which often vary over time in an individual pathology laboratory.
Fifty amplification cycles and additional Zzq DNA polymerase were necessary to amplify the 204 BP target, whereas the 150 BP product was clearly visible on a gel after only 40 cycles. RNA degradation is a likely explanation for this phenomenon. RT-PCR strategies applied to PES should target short sequences to compensate for the inevitable loss of larger RNA species (16) . Because of the unpredictable degree of RNA degradation, which can be expected to vary from case to case, quantitative analysis of RNA isolated from PETS is probably not feasible. Amplified double-stranded DNA generated from RNAzolisolated RNA can be dot/slot-blotted for identity confirmation with complementary nucleic acid probes or can be further amplified to produce sufficient template for dideoxynucleotide sequencing or other studies. The rapidity and ease of this RNA isolation procedure make it valuable for both the clinical and the investigative laboratory.
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